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Lack of the Burst Firing of Thalamocortical Relay
Neurons and Resistance to Absence Seizures
in Mice Lacking 1G T-Type Ca2 Channels
al., 1996; Huguenard and Prince, 1994a). The hyperpo-
larization of membrane potentials induced by the activa-
tion of GABAB receptors evokes rebound burst dis-
charges in TC neurons (Crunelli and Leresche, 1991;
McCormick and Bal, 1994). This characteristic firing pat-
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tern of TC neurons is evoked by low-threshold Ca2Department of Life Science
potentials (LTCPS) (Desche`nes et al., 1984; Jahnsen andPohang University of Science and Technology
Llina`s, 1984). It has therefore been proposed that low-Pohang 790-784
threshold T-type Ca2 channels are involved in the gene-Korea
sis of absence seizures in the thalamocortical network2 Department of Physiology and Biophysics
(Coulter et al., 1989; Crunelli and Leresche, 1991). ThisCase Western Reserve University School of Medicine
idea has been supported by a belief that drugs effectiveCleveland, Ohio 44106
in the treatment of absence seizures, such as ethosuxi-
mide, exert their anti-absence actions through reducing
T-type Ca2 currents (IT) in thalamic neurons (Coulter etSummary
al., 1989; Kostyuk et al., 1992). In addition, T-type Ca2
channels were moderately increased in the thalamicT-type Ca2 currents have been proposed to be in-
neurons of the genetic absence epilepsy rat from Stras-volved in the genesis of spike-and-wave discharges,
bourg (GAERS), a model of spontaneous absence epi-a sign of absence seizures, but direct evidence in vivo
lepsy (Talley et al., 2000; Tsakiridou et al., 1995).to support this hypothesis has been lacking. To ad-
Results from recent studies, however, have led todress this question, we generated a null mutation of
controversy about the role of IT in the genesis of absencethe 1G subunit of T-type Ca2 channels. The thalamo-
seizures. For example, it was shown that ethosuximidecortical relay neurons of the 1G-deficient mice lacked
failed to suppress IT, but instead affected other channelsthe burst mode firing of action potentials, whereas
such as noninactivating Na channels and Ca2-acti-they showed the normal pattern of tonic mode firing.
vated channels in TC neurons (Leresche et al., 1998).The 1G-deficient thalamus was specifically resistant
Another controversy arose from the observation that into the generation of spike-and-wave discharges in re-
the intracellular recording of TC neurons in vivo, thesponse to GABAB receptor activation. Thus, the modu-
majority of neurons underwent rhythmic sequences oflation of the intrinsic firing pattern mediated by 1G
IPSPs and steady hyperpolarization instead of LTCPsT-type Ca2 channels plays a critical role in the genesis
during SWDs (Steriade and Contreras, 1995; Pinault etof absence seizures in the thalamocortical pathway.
al., 1998). Therefore it is not clear whether T-type Ca2
channels in TC neurons are involved in the generation
Introduction of SWDs. To address this question, we have generated
a null mutation of the 1G gene that encodes the pore-Absence seizures are characterized by a brief loss of forming subunit of T-type Ca2 channels. This gene was
consciousness associated with an electroencephalo- chosen because it is dominantly expressed in TC neu-
graphic (EEG) recording of 3 Hz bilaterally synchronous rons but not, significantly, in thalamic reticular (nRT)
spike-and-wave discharges (SWDs) (Niedermeyer, neurons (Talley et al., 1999; Talley et al., 2000). We ana-
1996; Williams, 1950). Although earlier studies indicated lyzed the mutant mice with respect to their propensity to
that thalamic neurons were involved in the genesis of generate SWDs in well-characterized pharmacological
SWDs (Avoli and Gloor, 1981; Pellegrini et al., 1979), models. The results provide conclusive evidence for a
more recent experiments demonstrated that the neocor- critical role of 1G in the generation of absence seizures
tex is the minimal substrate for the generation of SWDs in the thalamocortical network.
because such seizures occur in the cerebral cortex even
after complete ipsilateral thalamectomy (Steriade and Results
Contreras, 1998).
A series of pharmacological studies suggested that Generation of Knockout Mice for the 1G Subunit
GABAB receptors play a critical role in the genesis of of the T-Type Ca2 Channel
SWDs (Crunelli and Leresche, 1991). It is known that As shown in Figure 1A, the targeting vector was de-
GABAB receptor agonists exacerbate seizures, whereas signed to delete most of the exon encoding amino acid
GABAB receptor antagonists suppress them (Hosford et residues 82–118 that comprise the N terminus of the 1G
al., 1992; Smith and Fisher, 1996; Snead, 1992). The anti- protein (Perez-Reyes et al., 1998). Because the length
absence drug clonazepam is thought to act by diminish- of the exon is not a multiple of three, possible exon
ing GABAB-mediated inhibitory postsynaptic potentials skipping by alternative splicing does not result in func-
(IPSPs) in thalamocortical relay (TC) neurons (Gibbs et tional proteins. Southern analysis revealed that 30% of
neo/TK embryonic stem (ES) cell clones were cor-
rectly targeted and two of these were used for making3 Correspondence: shin@kist.re.kr
germline chimeras. Two germline chimeras were mated4 Present address: Korea Institute of Science and Technology (KIST),
P.O. Box 131, Cheongryang, Seoul 136-791, Korea. with C57BL/6J inbred mice. The resulting heterozygote
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Figure 1. Gene Targeting of the 1G Locus
(A) Targeting strategy of 1G locus. Black
box, the targeted exon; horizontal arrow-
heads, the position of the PCR primers; black
bar underneath the wild-type and disrupted
locus, the probe for Southern analysis; neo,
the NEO cassette; TK, the TK cassette; B,
BamHI; E, EcoRI; H, HimdIII; S, SaI I.
(B) Southern and PCR analysis for genotyp-
ing. Left: tail tip DNAs were digested with
BamHI and hybridized with the probe. The
8.6 kb segment corresponds to the wild allele;
the 12.6 kb, the targeted allele. The 288 bp
band (F1, B1 primers), the PCR product of the
wild-type allele; the 385 bp band (F1, PGK22
primers), the product of the targeted allele.
(C) Protein blot of membrane fractions of the
wild-type and the 1G/ whole brain; arrow-
head, estimated size of 1G protein.
(D) Whole-cell patch analysis of low-thresh-
old T-type Ca2 currents. Left, transient in-
ward Ca2 currents obtained at 40 mV volt-
age step from a holding potential of 100
mV. Right, the peak amplitude of low-thresh-
old Ca2 currents, 1G/ (n  11) and wild-
type (/, n  3) (p  0.0001; two-tailed t
test).
(E) Whole-cell patch analysis of high-thresh-
old Ca2 currents. Left, transient inward cal-
cium currents obtained at 10 mV voltage step
from a holding potential of 50 mV. Right,
the peak amplitude of Ca2 currents, 1G/
(n  5) and wild-type (/, n  5) (p  0.5;
two-tailed t test).
mice were bred to generate homozygous mutants TC cells (n  6). In contrast, in the same protocol, Ca2
currents were completely absent in the 1G/ TC neu-(1G/) (Figure 1B). No sex bias was observed in the
offspring, and the expected Mendelian ratio was ob- rons (n  13, two-tailed t test, p  0.0001), suggesting
that 1G is the major component of the T-type Ca2 chan-served among wild-type, heterozygous, and homozy-
gous mutant mice (data not shown). nels in TC neurons. We next examined high-voltage acti-
vated (HVA) Ca2 currents using a depolarizing voltageTo assess whether disruption of the 1G gene was
effective, we examined the level of 1G protein. Immu- step from 50 to 10 mV. Both wild-type (n  5) and
1G
/ TC neurons (n  5) produce a slow inactivatednoblot analysis showed that no 1G protein was pro-
duced in the 1G/ brain, indicating that the gene-tar- HVA Ca2 current, with no significant quantitative differ-
ence between the two groups in the peak amplitude ofgeting resulted in a null mutation for this locus (Figure
1C). The functional loss of 1G was examined by whole- the HVA Ca2 current (Figure 1E, two-tailed t test, p 
0.05). These results suggest that the null mutation of 1Gcell voltage clamp analysis of low-voltage activated
(LVA) T-type Ca2 currents (IT) in TC neurons acutely does not affect the activities of the HVA Ca2 channels
in TC neurons.isolated from 1G/ and wild-type littermates around
two weeks after birth. Figure 1D shows that step voltage The 1G/ mice grew normally, and both male and
female 1G/ mice were fertile when bred with wild-typechanges from holding potentials of 100 to 40 mV
evoked low-voltage activated (LVA) Ca2 currents that mice (data not shown). General development of the brain
of the 1G/ mice appeared normal, as judged by anwere completely inactivated within 50 ms in wild-type
Role of T-Type Ca2 Channels in Absence Seizures
37
Figure 2. Intrinsic Firing Properties of TC Neurons Located at Ventrobasal Complex
(A) Burst firing patterns elicited by 100 ms of negative step-current inputs at 70 mV. Holding membrane potentials were maintained by DC
current input. The amount of current injected is below each trace: pA, picoampere. Scale bars: horizontal, 100 ms; vertical, 50 mV.
(B) Burst firing patterns elicited by positive step-current inputs at 80 mV. Note the increasing number of lower frequency spikes firing
frequency in wild-type TC neurons more than 700 pA of positive current input. Only the high-frequency spikes are missing in 1G/ TC neurons.
(C) Tonic firing patterns elicited by positive step-current inputs at 60 mV. The low-frequency spikes are equally elicited in wild-type and in
1G
/ TC neurons.
(D) The relation between the number of spikes and the amount of current injected. The number of spikes during 100 ms positive step-current
inputs either when membrane potentials are held at 60 mV (left) or at 80 mV (right).
analysis of Nissle-stained serial sections. All major cy- assess the physiological importance of 1G in the brain.
We first examined whether the loss of IT affected thetoarchitectonic divisions in the thalamus, cortex, and
cerebellum, which express the 1G gene, were un- intrinsic firing properties of TC neurons located within
the ventrobasal (VB) complex (/, n 58;/, n 46).changed. We also found no significant histological de-
fects in organs such as the heart, pancreas, intestine, This was done by intracellular recording with a current
clamp in thalamic slice preparations according to theliver and kidney, obtained from 1G/ mice.
method previously described (Huguenard and Prince,
1994b). Resting membrane properties of the TC cellsRebound Burst Action Potentials Were Absent
in the TC Neurons of 1G/ Mice were not significantly different between the wild-type
(n  35) and 1G/ (n  33): the resting membraneThe normal lifespan and the lack of significant develop-
mental abnormalities in the 1G/ mice allowed us to potential was 61  4.7 mV in wild-type and 59  3.7
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mV in 1G/ (Student’s t test, p  0.05), and the input wild-type mice showed 3–4 Hz SWDs in response to
(RS)-baclofen injection at 20 mg/kg (Figure 3B, left),resistance was 87.7  15 M in wild-type and 93.1 
8 M in 1G/ (Student’s t test, p  0.05). 1G/ mice showed a marked resistance to the genera-
tion of SWDs in response to (RS)-baclofen injection atWhen a negative current input was delivered at a hold-
ing membrane potential of 70 mV, a rebound LTCP 20 mg/kg (Figure 3B, right). Figure 3C showed a large
quantitative difference in the genesis of absence sei-was triggered with a burst of action potentials at a fre-
quency of 200–500 Hz in wild-type TC cells (in 47/50 zures between wild-type and 1G/ mice during thirty
minutes after the administration of either drugs (ANOVA,cells examined, or 94%) (Figure 2A). In contrast, such
burst firing of action potentials were not observed in the p  0.001).
1G
/ TC neurons (in 0/36 cells examined, or 0%). While
the burst-mode firing could also be elicited by a positive Intra-Thalamic Oscillations in Response
current input at a holding membrane potential of 80 to Baclofen-Mediated Hyperpolarization
mV in wild-type TC neurons, as previously described To confirm that the EEG findings described previously
(Huguenard and Prince, 1994b), it was absent in the were derived from the thalamocortical network, we next
1G
/ TC neurons (Figure 2A). Increasing the amount of examined the field activity of thalamic nuclei using depth
depolarizing currents inputs in the 1G/ TC neurons, electrodes in freely moving animals. In visual inspec-
however, eventually evoked a number of action poten- tions, the field activities of the wild-type and 1G/ mice
tials (Figure 2B), the frequency of which appeared to be were not significantly different (Figure 4A), except for
that of a tonic firing of action potentials (100200 Hz). activity with frequency at 10–12 Hz, which was weaker
To test this, we next compared wild-type and 1G/ TC in the 1G/ thalamus than in the wild-type thalamus
cells with respect to the tonic-firing pattern triggered (Figure 4B). To examine the thalamic SWDs, we injected
by depolarizing positive current inputs at 60 mV, a (RS)-baclofen i. p. at 30 mg/kg instead of the dose,
holding membrane potential at which currents sup- 20 mg/kg, used previously (Figure 3B). While 20 mg/kg
ported by T-type Ca2 channels are largely inactivated. baclofen generated 3–4 Hz paroxysmal SWDs (Figure
No significant difference was noted between the two 3B), the higher dose of baclofen, 30 mg/kg, significantly
groups in the pattern or the number of spikes generated increase the duration of SWDs with a slight reduction
(Figure 2C). Figure 2D shows a quantitative difference in frequency (2–3 Hz) in epidural EEG (data not shown).
between wild-type and 1G/ TC neurons in the number In the wild-type thalamus, prominent 2–3 Hz SWDs were
of spikes in the burst mode (Figure 2D, right); however, evoked by 30 mg/kg baclofen, but no such synchronized
no such difference between the two genotypes was ob- activities were observed in the 1G/ thalamus (Figure
served in tonic-mode firings (Figure 2D, left). This sug- 4A). The administration of baclofen synchronized all
gests that the 1G null mutation selectively affects the thalamic activities into 2–3 Hz SWDs in wild-type mice
burst-mode firing in the 1G/ TC neurons. (Figure 4B, left). In 1G/ thalamus, however, baclofen
reduced the amplitudes of the peaks in a wide range
of frequency, as if it caused general desynchronizationResistance of the 1G/ Mice to Baclofen
(Figure 4B, right). By postmortem histology, we con-and -Butyrolactone in the Generation
firmed whether the electrode tip had been located inof Spike-and-Wave Discharges
the expected thalamic areas, the ventroposterolateralTo examine the role of 1G in the genesis of SWDs in vivo,
(VPL) or ventroposteromedial (VPM) nuclei (Figure 4C),we systemically injected either 	-butyrolactone (Snead,
and excluded data recorded from other sites.1988), a prodrug of 	-hydroxybutyric acid, or (RS)-baclo-
fen (Aizawa et al., 1997) into 1G/ mice and wild-type
littermates. Absence seizures induced by these drugs Normal Susceptibility of the 1G/ Mice to the
Genesis of Spike-and-Wave Seizures after Systemicare characterized by bilaterally synchronous SWDs and
have been associated with behavioral arrest, facial myo- Administration of Bicuculline, a GABAA Antagonist
Systemic administration or focal injection of bicucullineclonous, and vibrissal twitching (Snead et al., 2000).
When administered 	-butyrolactone at 70 mg/kg, the into the cortex has been known to evoke SWDs mainly
originating from the territory of the cortex (Steriade andepidural EEG of wild-type mice (n  8) showed 3–5 Hz
paroxysmal SWDs (Figure 3A, left). In contrast, 1G/ Contreras, 1998). To determine the role of 1G in the
cortex-dependent mechanism of SWDs, we examinedmice (n  8) did not display typical SWD patterns after
administration of 	-butyrolactone, although 3–4 Hz bilat- the EEG pattern after injection of bicucullinemethobro-
mide (BMB) into the peritoneal cavity of mice at 10 mg/erally synchronous oscillations of shorter duration were
sporadically observed (Figure 3A, right). Similarly, while kg. The results of this experiment displayed a similar
Figure 3. Spike-and-Wave Discharges Induced by Either 	-Butyrolactone or (RS)-Baclofen
(A) Comparison of EEG patterns after the administration of 	-butyrolactone (70 mg/kg) i. p. between wild-type and 1G/ mice.
Upper, three traces of recording are illustrated according to time (1 min each). Control, trace recorded before drug injection; horizontal bar,
the trace illustrated with an expanded time scale. Lower, 15 s EEG trace demarcated on 1min trace with bar (upper). The same number is
assigned to the same trace illustrated in upper and lower. A discrete trace counted as SWDs is demarcated by a dot at the initiation site.
(B) Comparison of EEG pattern after the administration of (RS)-baclofen (20 mg/kg) i. p. between wild-type and 1G/ mice. Scale bars:
horizontal, 1 s; vertical, 1 mV.
(C) Quantification of SWD induced either by 	-butyrolactone (right) or (RS)-baclofen (left) during thirty minutes after drug administration. SWD,
the total duration of SWDs per minute; closed circle, wild-type; open circle, 1G/ mice.
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Figure 4. Field Recording of Thalamus (VL/VPL) after (RS)-Baclofen Treatment
(A) A sample trace recorded before (upper), and 15 min after (lower), the administration of (RS)-baclofen (30 mg/kg) injection i. p. Scale bars:
horizontal, 1 s; vertical, 1 mV.
(B) Power spectral analysis of the field potentials before (blue color) and 15 min after (red color) drug treatment i. p. One minute trace was
taken from each of five mice were used for the power analysis.
(C) Postmortem histology of recording region. A 50 
M coronal brain slice corresponding to the region of bregma, 2.0 to approximately 2.2
was stained with Nissle stains. Arrowheads indicate where the electrode tip had been located. Scale bar, 1 mm.
pattern to previous observations (Steriade and Con- in the cortex within 5 min of the administration of BMB
(Figure 5A), then increased in amplitude (Figure 5B), andtreras, 1998): simultaneous EEG recording of the cortex
and thalamus showing that seizure spikes were initiated eventually developed highly synchronous SWDs (Figure
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Figure 5. Spike-and-Wave Discharges Induced by Systemic Administration of Bicucullinemethobromide
(A) Simultaneous EEG recording of thalamus (upper) and cortex (lower) 5 min after administration of BMB in wild-type (n  5) and 1G/mice
(n  5). Note, seizure spikes are first initiated in the cortex.
(B) Traces 10 min after administration of BMB. Paroxysmal SWDs are rhythmically evoked at a frequency of 0.2–0.6 Hz.
(C) Patterns typical of SWDs are occasionally observed during BMB-induced seizures. The regions of the trace demarcated with bars underneath
are illustrated in an expanded time scale.
5C) in both the thalamus and cortex. In contrast to the zures at the behavioral level (Avoli, 1996). Pilot experi-
ments revealed that all of the mice treated with 4-AP atcase of baclofen injection, 1G/ mice also exhibited
SW-like activities in response to BMB (Figure 5C). How- 10 mg/kg developed tonic-clonic seizures (C57BL/6J,
n  10; 129/sv, n  10), and 25% of mice developedever, because of the complexity of the bicuculline-
induced seizures, the small experimental size (n  5) seizures at 2 mg/kg (C57BL/6J, n  10; 129/sv, n  10).
Figure 6A shows that both wild-type and 1G/ miceand the large variance among individuals, we could not
conclude whether there is any quantitative difference in developed vigorous ictal discharges 30–40 min after in-
jecting 4-AP at 10 mg/kg. The EEG pattern of these ictalthe amplitude of the SWDs or in the time lag of SWD
occurrences for the two types of mice. At the adminis- discharges was quite different from that observed in
the spike-and-wave seizures induced by baclofen ortered dose of BMB, mice initially showed immobility with
vibrissal twitching, but eventually developed complex bicuculline. The severity of the 4-AP-induced seizures,
graded by behavioral symptoms, showed no quantita-types of behavioral seizures such as sudden jumping,
loss of postural control, or vocalization. Thus, it seems tive difference between wild-type and 1G/ mice (Fig-
ure 6A, Student’s t test, p  0.05). Both groups showedthat the BMB-induced SWDs observed here are also
associated with other types of generalized seizures. a similar susceptibility even when a low dose of 4-AP
(Figure 6A, 2 mg/kg) was administered (Student’s t test,
p  0.05).Normal Susceptibility of the 1G/ Mice
to Tonic-Clonic Seizures
In light of the results for BMB-induced SWDs, we next Discussion
tested whether the seizure resistance of 1G/ mice was
specific to absence seizure. To achieve this, convulsive The main conclusion of the present study is that 1G
T-type Ca2 channels play a critical role in the generationofseizures were induced by injecting 4-aminopyridine
(4-AP), an antagonist for potassium channels, into the GABAB receptor-mediated spike-and-wave discharges
(SWDs) in the thalamus, the hallmark of absence sei-peritoneal cavity. 4-AP causes membrane excitability by
depolarizing the membrane potential, thereby causing zures.
The most plausible explanation for the resistance ofepileptiform discharges characterized by limbic sei-
Neuron
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Figure 6. Susceptibility of Wild-Type and 1G/ Mice to 4-AP-Induced Seizures
(A) Ictal discharges 1 hr after administration of 4-AP at 10 mg/kg (/, n  3; /, n  4). Control, a trace recorded before drug injection.
Arrowheads, ictal discharges when behavioral seizures occurred.
(B) Seizure scores of generalized seizures induced by 4-aminopyridine (4-AP) at 2 or 10 mg/kg). The seizure score was given according to
behavioral seizures after video monitoring: 0, no behavioral changes; 1, mild tremor with head; 2, whole body tremor with loss of postural
control; 3, wild running, jumping, or tonic-clonic movement of limbs, 4, tonic extension of whole body or death (p  0.001; two-tailed t test).
1G
/ mice to the generation of SWDs induced by baclo- shown), which suggests that GABAB receptors are intact
in 1G/ TC neurons.fen or 	-hydroxybutyrolactone is the absence of burst
mode firing in response to GABAB receptor-mediated It is also conceivable that loss of 1G in brain regions
other than the TC neurons may contribute to the resis-membrane hyperpolarization in 1G/ TC neurons. The
high frequency (200–500 Hz) burst of action potentials tance of 1G/ mice to absence seizures, because 1G is
also expressed in other brain regions such as the neocor-has been associated with the presence of SWDs in ex-
perimental absence seizure models (Avoli et al., 1990; tex, hippocampus, and cerebellum (Talley et al., 1999).
Among those regions, only the neocortex has been wellInoue et al., 1993). Previous studies have shown that
the bursts of action potentials are generated by low- documented in the generation of SWDs. A previous study
showed that systemic administration of bicuculline gen-threshold Ca2 potentials (LTCPs) crowned with action
potentials mediated by Na channels (Jahnsen and Lli- erated SWDs in the cortex of athalamic animals, sug-
gesting a determinant role of the cortex in the generationna`s, 1984). The present study showed that LTCPs in
TC neurons are mainly generated by the 1G subunit of of this kind of SWD (Steriade and Contreras, 1998). The
1G
/ mice, however, showed a susceptibility to spike-T-type Ca2 channels.
Alternatively, the resistance of the 1G/ mice to ab- and-wave seizures induced by systemic administration
of bicuculline similar to that of wild-type mice (Figuresence seizures could be explained by a downregulation
of GABAB receptors in TC cells, because an elevated 5), suggesting that the burst firing of thalamocortical
relay neurons is not required for the generation of SWDslevel of GABAB receptors has been proposed as a mech-
anism of seizure susceptibility of lethargic mutant mice, of this kind. It remains, however, to be studied whether
the burst firing of thalamocortical relay neurons contrib-a genetic model of absence epilepsy (Lin et al., 1993).
This possibility is unlikely, however, because treatment utes to a fine-tuning of the bicuculline-induced SWDs
after they are generated by other mechanisms. This find-with baclofen reduced the peak amplitude of field poten-
tials in extracellular recording of the 1G/ thalamus in ing brings into question the view that the genesis of
SWDs depends on a unitary mechanism (or origin) invivo (Figure 4) and hyperpolarized the membrane poten-
tial of 1G/ TC neurons in intracellular recording of the brain.
In the present study, we did not examine the type ofthalamic slices (n  3 for each genotype, data not
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homologous fragments with double selection markers, neo and TK,SWDs that are induced by focal injection of bicuculline
was made as shown in Figure 1A and introduced into J1 embryonicinto thalamic reticular (nRT) neurons, which have been
stem cell lines. The targeted ES clones were identified by Southernshown to rely on the reciprocal network between nRT
blot analysis and used in the generation of germline chimeras, as
and TC neurons (Huguenard and Prince, 1994b). The previously described (Kim et al., 1997). Male germline chimeras were
suppression of GABAA-mediated inhibition between nRT crossed with female C57BL/6J mice to obtain F1 heterozygotes
(1G/) and these F1 were intercrossed to obtain homozygous mu-neurons leads to hypersynchronization of the reciprocal
tant mice (1G/). The genotypes were determined by PCR analysisthalamic network, possibly underlying the generation of
using the primers: F1, 5-ATACGTGGTTCGAGCGAGTC-3; R1,SWDs (Huntsman et al., 1999). The activation of GABAer-
5-CGAAGGCCTGACGTAGAAAG-3; 22 PGK, 5-CTGACTAGGGGgic nRT neurons causes GABAA- and GABAB-mediated AGGAGTAGAAG-3. Animal care and handling were carried out fol-
hyperpolarization of TC neurons so that rebound bursts lowing institutional guidelines (POSTECH, Pohang, Korea). The mice
are often generated, leading to reexcitation of nRt neu- were maintained with free access to food and water under a 12:12
hr light:dark cycle with the light cycle beginning at 6:00 a.m..rons through known excitatory connections (Destexhe
et al., 1996; Huguenard and Prince, 1994b). However,
Antibody Production and Immunoblottingthe rebound burst firing, a critical downstream response
Anti-1G antibodies were raised to the following epitope (NH2-Cys-of the activation of nRT neurons, is already absent in
Asn-Gly-Lys-Ser-Ala-Ser-Gly-Arg-Leu-Ala-Arg-NH2) that was con-the 1G/ TC neurons. Therefore, it may be predicted jugated to keyhole limpet hemocyanin and injected into rabbits ac-
that 1G/ mice will also be resistant to the SWDs gener- cording to previous methods (McEnery et al., 1997; Vance et al.,
ated by disinhibition of nRT neurons by focal administra- 1998). The serum (CW 53) was affinity purified over Sulfolink columns
tion of bicuculline. On the other hand, although our re- that had the antigenic peptide immobilized via the cysteine linkage.
The columns were washed with TBS, and the antibodies elutedsults strongly indicate the importance of 1G in TC
with increasing concentrations of glycine and dialyzed overnight.neurons in the genesis of SWDs, they do not exclude a
Following anesthesia, the whole brains were isolated from mice,possible role of T-type Ca2 channels in nRT neurons
and were homogenized in cold lysis buffer (50 mM Tris/HCl [pH 7.4],
in the development of SWDs and absence seizures. This 1 mM EGTA, 1 mM DTT, 1 mM PMSF, complete protease inhibitor
is because nRT neurons predominantly express 1H cocktail [Boehringer Mannheim], Calpain inhibitors I & II). After low
and 1I subunits of T-type Ca2 channels (Talley et al., speed centrifugation (1000  g, 5 min), supernatants were centri-
fuged (28,000 g, 15 min) to obtain crude membrane fractions. The1999) and increase in T-type Ca2 currents in nRT neu-
crude membrane fractions were separated in gradient SDS PAGErons was observed in the rat model of spontaneous
gels (8%–16%), blotted to nitrocellulose membranes, and visualizedabsence epilepsy (Tsakiridou et al., 1995).
by the anti-1G affinity purified polyclonal antibodies by enhancedIt has been suggested that an imbalance between chemiluminescence (ECL).
excitation and inhibition within the thalamocortical net-
work might be critical for the genesis of seizures (Gloor Whole-Cell Voltage-Clamp Analysis
and Fariello, 1988). For example, a recent study on mu- All experiments were carried out using cells acutely isolated from
2- to 3-week-old mice. Thalamic neurons were dissociated usingrine models of absence seizures, tottering (a mutation
the method previously described, with some modifications (Ramanof the 1A subunit of high-voltage gated Ca2 channels)
and Bean, 1999; Tsakiridou et al., 1995). The brain was blocked andand lethargic (a mutation of 4 subunit of high-voltage
sectioned in the coronal plane using a vibratome in ice-cold slicing
gated Ca2 channels), revealed that a pronounced de- solution (122 mM NaCl, 26 mM NaHCO3, 1.2 mM NaH2PO4, 2 mM
crease in excitatory postsynaptic currents (EPSCs) and MgCl2, 2 mM CaCl2, 3 mM KCl, 10 mM glucose). Slices (300 
M)
a smaller reduction in inhibitory postsynaptic currents that contain VB complex were dissected by scalpel cuts to isolate
thalamus. Thalamic slices were incubated for 6 min at 35C in an(IPSCs) might result in a net increase in inhibition to
oxygenated HEPES-buffered solution (82 mM Na2SO4, 30 mM KSO4,TC neurons (Caddick et al., 1999). According to this
5 mM MgCl2, 10 mM HEPES, 10mM glucose, 0.01% phenol red [pHhypothesis, TC neurons of 1G/ mice, due to a lack of
7.4]) containing protease XXIII (3 mg/ml, Sigma). The enzymatic
the downstream response to the inhibition, would in reaction was stopped by HEPES-buffered solution containing BSA
effect have a net decrease in inhibition and would (Sigma, 1 mg/ml) and trypsin inhibitor (Sigma, 1 mg/ml). Each thala-
thereby be rendered resistant to seizures. Double mu- mic slice was triturated with fire-polished Pasteur pipettes and
plated onto a recording chamber. Recording was done in an extra-tants containing the 1G null mutation and each of the
cellular solution (155 mM TEA-Cl, 3 mM CaCl2, 10 mM HEPES [pHother epileptic mutations would be a useful tool for ad-
7.4 with TEA-OH]) with electrodes (3–6M) fabricated from standarddressing this issue and thereby delineate the pathogenic
wall borosilicate glass (GC120F-10, Warner Instrument Corp.) filled
pathway of absence epilepsy. with a solution (110 mM TrisPO4dibasic, 28 mM Tris-base, 11 mM
The 1G/ mice should also be a useful tool for the EGTA, 2 mM MgCl2, 0.5 mM CaCl2, 4 mM Na2ATP, 0.3 mM GTP-Na,
study of other physiological functions of T-type Ca2 1 mM TTX [pH 7.3]). Signals were digitized with the Axopatch 200-B
amplifier (Axon Instruments, USA) and analyzed using pCLAMP6channels, such as the role of these channels in sleep
and pCLAMP8 software.(McCarley et al., 1983; McCormick and Feeser, 1990;
Nelson et al., 1983; Steriade et al., 1993), sensory pro-
Intracellular Recording of Thalamic Nucleicessing (Guido et al., 1995; Lo et al., 1991; McCormick
Using a vibratome, coronal 350 
m thick slices corresponding toand Bal, 1994; Sherman, 1996), and learning and mem-
regions containing ventrobasal (VB) complex (usually between1.2
ory (Steriade et al., 1993). and 2.5 mm from bregma) were prepared in oxygenated, cold,
artificial cerebrospinal fluid (ACSF, 126 mM NaCl, 2.5 mM KCl, 1.25
mM NaH2PO4, 2 mM CaCl2, 2 mM MgSO4, 26 mM NaHCO3, and 10Experimental Procedures
mM dextrose at pH 7.4). Slices were then placed at an interface of
air and ACSF in a warm, humidified (30C, 95% O2/5% CO2) recordingGeneration of 1G Knockout Mice
A mouse cDNA of the 1G gene (cacna1G) sequence corresponding chamber. Intracellular recording electrodes (borosilicate glass,
40–80 M) were filled with 3 M potassium acetate and positionedto 688–1008 bp of the rat cDNA was isolated by RT-PCR and was
used for isolating mouse genomic DNA clones containing the 1G in the VB complex. The VB complex was identified under a dissecting
microscope (World Precision) using the medial leminiscus and inter-locus from a phage library. The targeting vector containing 11.7 kb
Neuron
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nal capsule as landmarks. Signals were amplified by a high-imped- receptor function in developing rat thalamic reticular neurons: whole
cell recordings of GABA-mediated currents and modulation by clo-ance amplifier that used an active bridge to allow capacitance com-
pensation and current injection through the recording electrode nazepam. J. Neurophysiol. 76, 2568–2579.
(AxoClamp-2B; Axon Instruments). Data analysis software included Gloor, P., and Fariello, R.G. (1988). Generalized epilepsy: some of
pCLAMP, Axoscope (Axon Instruments), and SigmaPlot (SPSS). its cellular mechanisms differ from those of focal epilepsy. Trends
Neurosci. 11, 63–68.
EEG Recording Guido, W., Lu, S.M., Vaughan, J.W., Godwin, D.W., and Sherman,
Epidural electrodes were bilaterally implanted in the temporal lobe S.M. (1995). Receiver operating characteristic (ROC) analysis of neu-
region and a grounding electrode was implanted in the occipital rons in the cat’s lateral geniculate nucleus during tonic and burst
region of the skull. For depth recording, a parylene-coated tungsten response mode. Vis. Neurosci. 12, 723–741.
electrode (0.005 in, 2 M) was located AP, 1.5 to approximately
Hosford, D.A., Clark, S., Cao, Z., Wilson, W.A., Jr., Lin, F.H., Morrisett,
2.0 mm, LR, 1.2 mm, depth, 3.5 mm from bregma. Postmortem
R.A., and Huin, A. (1992). The role of GABAB receptor activation inhistological analysis revealed that this region usually corresponded
absence seizures of lethargic (lh/lh) mice. Science 257, 398–401.to the ventrolateral (VL) or ventroposteromedial (VPM) thalamic nu-
Huguenard, J.R., and Prince, D.A. (1994a). Clonazepam suppressescleus (Figure 4C).
GABAB-mediated inhibition in thalamic relay neurons through effects
in nucleus reticularis. J. Neurophysiol. 71, 2576–2581.Seizure Models
Huguenard, J.R., and Prince, D.A. (1994b). Intrathalamic rhythmicitySpike-and-wave seizures were induced by administering 	-butyro-
studied in vitro: nominal T-current modulation causes robust antios-lactone, (RS) 	-baclofen, or bicucullinemethobromide (Sigma) intra-
cillatory effects. J. Neurosci. 14, 5485–5502.peritoneally. Bilateral EEG traces were recorded for an hour from
the time of drug administration. For the quantification of absence Huntsman, M.M., Porcello, D.M., Homanics, G.E., DeLorey, T.M.,
seizures, signals were passed through a band pass-filter (0.1 to and Huguenard, J.R. (1999). Reciprocal inhibitory connections and
approximately 30 Hz) in the acquisition program (Axoscope, Axon network synchrony in the mammalian thalamus. Science 283,
Instruments), and the duration of spike-and-wave activities per min- 541–543.
ute was counted. Tonic-clonic seizures were induced by adminis- Inoue, M., Duysens, J., Vossen, J.M., and Coenen, A.M. (1993). Thal-
tering 4-amynopyridine (Fluka), and the behaviors were recorded amic multiple-unit activity underlying spike-wave discharges in an-
using a video recorder. The severity of the behavioral seizures was esthetized rats. Brain Res. 612, 35–40.
quantified according to the seizure scores, as described previously
Jahnsen, H., and Llina`s, R. (1984). Ionic basis for the electro-respon-(Kim et al., 1997).
siveness and oscillatory properties of guinea-pig thalamic neurones
in vitro. J. Physiol. (Lond.) 349, 227–247.
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